Abstract -Intercropping is claimed to be one of the most significant cropping techniques in sustainable agriculture, and much research and many reviews attribute to its utilization a number of environmental benefits, from promoting land biodiversity to diversifying agricultural outcome. In this sense, intercropping is thought to be a useful means of minimizing the risks of agricultural production in many environments, including those typical of under-developed or marginal areas. In order to validate this hypothesis in a representative area of the semiarid Mediterranean environment, we evaluated the possibility of growing dill and fennel, both belonging to the family Apiaceae, in temporary intercropping. Our trial was performed in Sicily in 2000-01 and 2001-02; in the first year, fennel and dill were cultivated in a mixture using a substitution scheme, whereas in 2001-02 we evaluated the bio-agronomical and chemical features of fennel alone. The biological efficiency of the intercropping system was evaluated by using the Land Equivalent Ratio and the Competitive Ratio, and an estimate of the interaction effects of both crops was performed by analyzing the major vegetative and yield traits of plants, along with the chemical profile of volatiles of the fruits. Both in grain yield and in biomass yield, the most efficient cropping system was the intercropping ratio with a higher proportion of fennel, in which the competitive ratio values calculated for dill reached 1.90 for grain and 2.59 for biomass. Our results also indicate that the presence of dill exerted a clear stabilizing effect on fennel seed yield of the following year: whereas no difference in fennel seed yield was detected from one year to the following on the previously intercropped plots, in the repeated pure stand a 50% yield reduction was recorded. In the trial environment, the technique showed a good potential to improve the efficiency of resource utilization; further long-term experiments will be necessary in order to demonstrate the application of such a technique to other medicinal and aromatic plant mixtures.
INTRODUCTION
The term "intercropping" refers to the special cropping system obtained by the contemporaneous growing of two or more species, whose association may generate reciprocal interactions bearing some agronomical relevance, i.e. exerting some recognizable effect on yield expression of one or all the partners (Caporali et al., 1987) . In this sense, agricultural specialists suggest intercropping as a useful means for enhancing yields for one or all the consociated species, thanks to the ability of the consociated systems to reduce weeds and pests (Baumann et al., 2000; Hatcher and Melander, 2003; Kenny and Chapman, 1988; Poggio, 2005) and to improve the exploitation of the available environmental resources with respect to monocropping systems (Arnon, 1992; Caporali et al., 1987; Park et al., 2002) . Therefore, the intercropping technique is thought to minimize the risks of production and improve strategies for food production in developing and, in a broader sense, "marginal" areas.
It is well acknowledged that each intercropping system generates a typical and unique pattern of use of the existing resources, which may vary according to the chosen intercropping ratio, and it is likely to differ from that obtained if the two * Corresponding author: acarr@unipa.it species were cultivated alone (Caporali et al., 1987) . Competition for the use of resources may occur throughout the growth period or for a part of it, or may not occur at all if the availability of factors necessary for growth is constantly higher than the combined request from the plants (Bonciarelli, 1989) .
A given intercropping system may be advantageous when there is a mutualistic relationship between the partners or when the interspecific competition is weaker than intraspecific competition. When either species, or the most productive species, is affected more by intraspecific competition than interspecific competition, the optimal plant population may be higher when intercropped than when grown separately (Willey, 1979b; Fordham, 1983) .
To date, experimental reports about intercropping between medicinal and aromatic plants are rare: some of them, focused on the evaluation of their yields and quality traits when cultivated in various agroforestry systems, come to the conclusion that the introduction of such herbs into agroforestry systems could be a useful way to increase biodiversity and gain a significant income increase (Becker, 2004; Huang et al., 2002; Rao et al., 2004) .
Some further interest in the potential role of medicinal and aromatic plants in intercropping systems has arisen from the widespread trend toward the cultivation of such species 248 A. Carrubba et al. with organic and, generally speaking, sustainable methods. An attempt to utilize some aromatic oil-bearing plants, namely Artemisia annua L., Coriandrum sativum L., Chamomilla recutita Rausch., Foeniculum vulgare Mill. and Anethum sowa Kurtz., as intercrops to manage aphid infestation on mustard (Brassica juncea L.) was performed in India by Singh and Kothari (1997) , who obtained the lowest aphid population when mustard was intercropped with fennel, and the highest one when it was cultivated in mixture with coriander. Other experiments have involved the association of palmarosa (Cymbopogon martinii Stapf.) with redgram (Cajanus cajan L.) (Maheshwari et al., 1996) , scented geranium (Pelargonium spp.) with cornmint (Mentha arvensis L.) (Rajeswara Rao, 2002) , and Eucalyptus (Eucalyptus spp. (L'Her.)) with coffee (Coffea arabica L.), lemongrass (Cymbopogon citratus (DC. ex Nees) Stapf.) or palmarosa (KAU, 2002) . Especially interesting are the experiments performed on species with a different production cycle, intercropped for one year or more; such an arrangement has been tested on some industrial crops (Callan and Kennedy, 1996) , and when this multiple cropping involves an annual and a polyannual, the overall results of the obtained cropping system seem to be strongly dependent upon the reactivity of the polyannual, considered the "primary" crop, to the competition with the annual.
Intercropping between dill (Anethum graveolens L.), an annual, and clary sage (Salvia sclarea L.), a polyannual, may improve the overall efficiency of the cropping system, allowing some marketable production even in the year in which the main species, namely clary sage, does not have any yield (Catizone et al., 1986) . With the same objective, interesting experiments on intercropping between licorice (Glycyrrhiza glabra L.) and cereals, such as wheat (Triticum spp.) or barley (Hordeum vulgare L.), have been conducted in southern Italy; the results of such experiments are variable, but they are generally unfavorable for the yield of fresh licorice roots, that from 22.8 t/ha in pure stands dropped to 14 t/ha for intercropping (De Mastro et al., 1993; Marzi, 1996) .
In the cultivation of medicinal and aromatic plants the aspect of bare productivity, although important, is not the only one to be considered; in such special crops, as a matter of fact, particular attention must be paid to the quality features of the products. Various results have been obtained regarding the qualitative aspect of production with intercropping, and much research has demonstrated that in some cases such a technique may affect the chemical features of the consociated species, causing variations both in yield of essential oil and in composition of the extracts. For example, the alkaloid content of jimsonweed (Datura stramonium L.) plants seems to be affected by the cultivation of other species nearby, showing, respectively, an enhancement with lupine (Lupinus albus L.) or a decrease with peppermint (Mentha piperita L.) (Morelli, 1981) . The essential oil content of peppermint is furthermore positively affected by intercropping with soybean (Glycine max Merr.), which also increases the menthol content of peppermint oil (Maffei and Mucciarelli, 2003) .
Fennel (Foeniculum vulgare Mill.) and dill (Anethum graveolens L.) belong to the family Apiaceae, and are cultivated around the world because of their scented fruits ("seeds"). Under field conditions, dill has a typical annual behavior, since after the fructification stage the plant quickly starts to senesce and dies, whereas in fennel a new vegetation may originate after cutting from the basal parts of stems, and therefore the plant may be cultivated as an annual or a polyannual (Carrubba et al., 2003) . In the latter case, yields in the first cropping year may be lower than those of the following years. A temporary intercropping of these two species could allow one, thanks to the introduction of the annual species, to gain interesting yields even in the first year.
The aim of the present trial was, therefore, to study the development pattern and yield performance of a fennel-dill intercropping; by means of the proper intercropping indices we deduced the biological efficiency and the level of competition between the two species, also evaluating how much such competition could affect seed yield and plant development. Yield levels and plant behavior of fennel in the second cropping year were taken into consideration, in order to perform a broad evaluation of the efficiency of the whole two-year cropping system.
MATERIALS AND METHODS

Site description
The trial was carried out in 2000-01 and 2001-02 in the experimental farm "Sparacia" (Cammarata, AG, Sicily; 37
• 38' N; 13
• 46' E), on soil classified as a clayey, mixed thermic, Aridic Haploxerert (NRCS, 2003) , which is representative of the semiarid Mediterranean environment.
The total rainfall recorded in the trial area was higher in the first year: 503.5 mm of rain was recorded from November 2000 to the end of May 2001, compared with 337.8 mm recorded throughout the same interval in 2001-02. Some difference also concerned the diverse distribution of rainfall in both years, since in the first year 281.5 mm of rainfall were recorded from the end of December to the beginning of February, whereas in the second year rainfall was distributed throughout a longer period. In both years, the temperature reached maximum values above 30
• C in the summer months and minimum winter values that rarely fell below 0
• C.
Field experiments
In the first year of the trial, the two species were cultivated in a mixture, whereas in 2001-02 the bio-agronomical and yield behavior of the two-year-old fennel alone was evaluated. Both species were sown on 23 November 2000, with the seeds distributed in rows 30 cm apart and arranged, by the substitution of rows, in three different intercrop ratios: 33:66, 50:50, 66:33 (fennel:dill) , along with pure stands of fennel and dill. The experimental plots (9 m 2 , 3 m × 3 m) were laid out in accordance with a randomized complete block design with three replicates. N-P fertilization was applied only in the first year before sowing, distributing N in ureic form and P 2 O 5 as triple superphosphate, in order to supply 80 and 120 kg/ha, Table I . List of indices, formulae and selected bibliographical references used to evaluate the efficiency of an intercropping trial between fennel and dill in 2000-01.
LER (Land Equivalent Ratio); Willey, 1979a; Mead and Willey, 1980; Caporali et al., 1987 Willey and Rao, 1980; Paolini, 1991 
where:
respectively, of each element. Plant conditions were continuously monitored throughout the trial, and average plant height was periodically measured from crop emergence to harvest. At the development stage of five true leaves (3 March 2001), the crops were manually thinned to a plant density of 12 plants/m on a row. In this way, the plant population was maintained at 40 plants/m 2 , and, in accordance with the intercrop ratio, this value was composed of 13 fennel and 27 dill plants in the 33:66 crop ratio, 20 plants for both species in the 50:50 crop ratio, and 27 fennel and 13 dill plants in the 66:33 crop ratio. Similarly to other Apiaceae (Lawrence, 1993; Carrubba et al., 2006) , the starting dates of the most significant development stages were determined by visual assessment of the average plot conditions. For example, the start of flowering was determined to be the appearance of the first flowers on the primary umbels in at least 10% of plants, and the harvesting of seeds was performed when the plants in each plot had reached the full ripening stage, i.e., when the primary umbels were completely ripe in at least 90% of plants. This occurred on 28 June 2001 (intercropping) and 5 July 2002 (fennel in the second year). To remove any border effect, one external row, appositely sown along the experimental field, and all the plants within 0.3 m of the end of each sample row, were excluded from all the evaluations. In this way, an elementary sample area of 3 m × 2.4 m = 7.20 m 2 was obtained. In order to avoid any effect of weeds on plant performance, weeds were carefully removed by hand once a year in early spring; no further intervention was necessary, due to the fast soil coverage of the crops.
At harvest, all plants in the sample area were cut at ground level and biomass was determined. Samples were dried to constant weight at 105
• C for dry matter determination. A sample of 20 randomly selected plants was also taken to measure plant height and the number of umbels. All umbels on the remaining plants in the sample area were manually picked and on 50 randomly selected umbels the diameter was measured and the number of seeds was counted. After a short period of open-air drying, all seeds were mechanically threshed, and the seed yield data obtained were expressed in kg/ha. Four samples of 100 seeds for each species and each replicate were taken and weighed, and after oven-drying the seeds at 105
• C for 24 h, seed weights were recorded at 0% moisture content (dry mass), allowing the calculation of the moisture levels of the seeds. In the second year, the same measurements were performed on fennel. In the absence of dill, the denomination of plots was left as it was the year before; in this way, the difference between each plot was due to the diverse arrangement and number of plants per unit area, i.e., the former area that had a 33:66 fennel:dill crop ratio bore rows 90 cm apart, the former 50:50 crop ratio area bore rows that were 60 cm apart, and the former 66:33 crop ratio area had twin rows with a distance of 30 cm inside and 60 cm between twin rows.
The volatile components of fruits (dill and fennel in the first year, and fennel only in the second) were evaluated in the D.I.T.A.F. laboratories at the University of Palermo, by combining headspace-solid-phase microextraction (HS-SPME) with gas chromatography -mass spectrometry (GC -MS), following procedures used with other Apiaceae in similar trials (Di Prima et al., 2000; Carrubba et al., 2006) .
Statistical data management and intercropping indices
All data were submitted to statistical analysis according to the chosen experimental design by means of the statistical package STATISTICA v.5.1 (Statsoft Inc., USA, 1984 USA, -1997 , and a standard analysis of variance was performed separately on data for each year and species. When the statistical analysis highlighted the occurrence of a significant difference, the separation of means was performed by Tukey's Honestly Significant Difference test (Gomez and Gomez, 1984) .
The chosen intercropping indices, calculated based on data for seed and biomass yield (Tab. I), were:
(1) The Land Equivalent Ratio (LER). Although subjected to many revisions and criticisms (Connolly et al., 2001) , the Land Equivalent Ratio still remains one of the most utilized indicators for the efficiency of intercropped systems. When calculated for the grain yield, it indicates the area required by the pure stand to produce the same yields obtained by intercropping. When the population density is the same under 250 A. Carrubba et al. intercropping and in pure stands (as in our case), the value of the Land Equivalent Ratio identifies numerically with the Relative Yield Total, allowing further consideration of the efficiency of the intercropped system in comparison with the pure stands (Caporali et al., 1987) .
Values higher than 1 indicate that there is some ecological complementarity between the intercropped partners (Aarssen, 1983) , i.e., a differentiated demand exists on the contended resources. In this case, intercropping allows a higher biological efficiency compared with the pure stand for one or both components; therefore, intercropping would provide a substantial productive advantage. Values lower than 1 indicate the opposite conclusion that the intercropped system is inefficient compared with the pure stand because of one or both components.
(2) The Competitive Ratio (CR). This represents the ratio between the variation in dry matter of each species when intercropped, compared with its pure stand and corrected by their relative proportion in the mixture. Like the Land Equivalent Ratio, the Competitive Ratio provides information about the degree of competition between the two species, but in addition it enables the level of competition between the two species to be determined. A Competitive Ratio equal to 1 describes a balance of competition, whereas values higher than 1 indicate that the given component is more competitive than the other, i.e., it behaves as "dominant" (Willey and Rao, 1980; Paolini, 1991) . A t test was performed on both indices to detect any statistical differentiation between them and the reference value of 1.
RESULTS AND DISCUSSION
Crop development and vegetative behavior
The aim of the experiment was to examine the yield response and the plant performance of fennel and dill, grown at different intercropping ratios according to a substitution scheme. In both species, plant emergence was recorded in the first days of January 2001, i.e., 41-43 days after sowing. In order to observe the growth variations over time of both consociated species, in both years plant height was repeatedly measured from plant emergence to harvest (Fig. 1) . As shown in the graphs, in all cases the development trend fits very well to a quadratic curve, with an increase in slope as the mean air temperatures started to rise and with maximum height values occurring around flowering time. In 2000-01, the start of flowering was recorded 125-127 days after emergence for dill and 141-147 days after emergence for fennel, i.e., 70-73% and 80-84%, respectively, of total cycle duration from emergence to harvest. The reproductive phase, from the start of flowering to harvest time, lasted 47-51 days for dill and 29-35 days for fennel, i.e., respectively, 27-29% and 16-20% of total cycle duration for each species.
In the first trial year, in which both species were grown, fennel reached lower height values than dill; probably as a consequence of the shading suffered throughout the reproductive stages, in consociated fennel plants the primary umbels began to appear about one week after the pure stand. The ripening of seeds was uniform and they were harvested on 28 June 2001. After a summer stasis, the fennel from the previous year regrew, and from the first days of January 2002, although of small size, the canopy was quite uniform. As in the first trial year, crop development in the second year was measured until harvest time. In all plots, the start of flowering was detected in the last days of May, and the seeds were harvested on the first days of July 2002.
Biomass yield, seed yield and yield components under intercropping
The values obtained for biomass and seed yields in both crops from the different treatments are reported in the replacement diagrams (after De Wit, 1960) in Figures 2 and 3 . At harvest, both species expressed the highest biomass yields as pure stands. In fennel, the statistical analysis stressed a significant differentiation (P ≤ 0.05) between the biomass value of 7.2 t/ha measured on pure stand and all the others; the minimum value of 1.8 t/ha was reached by the 33:66 treatment, i.e. the one in which fennel was grown together with a larger amount of dill.
In dill the same trend was approximately maintained, and the maximum biomass value was also reached by the sole crop, with a sharp decrease with an increasing density of the intercropped species.
As found for the biomass values, total seed yields measured under each intercropping ratio also showed a decreasing trend in relation to the densities of the respective consociated species; once again, both crops expressed the highest values as pure stands, gaining 0.5 t/ha for fennel and 0.3 t/ha for dill, whereas yields in the intercropped treatments were lower and decreased with the lowering of plant density.
Such a result may sound obvious, since a reduced yield could be just a barely multiplicative consequence of the different plant populations for each species according to the intercropping ratios. As shown in Figures 4 and 5 , however, both the seed mass and the weight of one individual plant, that remained on rather constant levels across the first intercropping ratios, expressed a differentiation at the maximum competition level, i.e. when each crop was accompanied by the highest density of the other one. In the case of dill such a behavior was especially evident, and when accompanied by the highest amount of fennel, individual dill plant weight and seed yield rose up to 30.9 g/plant and 1.2 g/plant, respectively, with an increase of about 85% and 64% with respect to pure stand. The statistical analysis evidenced this superiority stating that, in dill, seed yield per plant in the 66:33 treatment was significantly (P ≤ 0.01) higher than under all the other cropping conditions, including pure stands. Figure 6 illustrates the trend of plant height at harvest time in both species with varying competition levels. In fennel, the trait did not show any difference from one treatment to the other, and the measured values ranged from 136.5 cm in the pure stand to 147.6 cm in the 50:50 crop ratio. In dill, the same parameter showed instead statistically significant differences (P ≤ 0.05), leading to a clear distinction between the pure stand and the 66:33 crop ratio, which averaged values lower than 160 cm, and the other two intercropped treatments, bearing values around 167-171 cm. In both species, the lowest height values were recorded on the sole crops, in which only intraspecific competition played some role. In such plots, the two species expressed a strong differentiation: in fennel the dominance of intraspecific competition led to shorter but heavier plants, whereas in dill it led to shorter and lighter ones. In the intercropped plots, where the interspecific competition started to exert its effects, both species showed a growth in height, accompanied by a modification in plant mass and seed mass that reached its highest differentiation at the maximum competition level, i.e. when each crop was grown together with the maximum frequency of its respective competitor.
Since dill is always taller than fennel, a possible explanation of this feature could probably be linked to the different reaction of both crops to the competition for light. The proportion of light received by plants in the intercropped systems is claimed to be one of the essential elements in competition between plants (Baldy and Stigter, 1997) , and the differences in coping with shading are often claimed as a crucial factor in plant dry matter accumulation (Pronk et al., 2007) .
Fennel plants were generally shorter and heavier than dill ones, with smaller umbels and a lower number of rays in each umbel. In our trial this feature was already evident in the pure stands, in which fennel expressed a lower plant height and a higher biomass value compared with dill. As an effect of interspecific competition, when consociated with dill plants, fennel plants tended to become higher; such variation did not bear a parallel increase in seed yield and weight per plant, which in fennel always kept around values lower than those reached in the pure stand. Conversely, the presence of fennel in mixture seemed to force up dill plant performance, and the yields of dill plants seemed to be more affected by intraspecific competition than by interspecific competition.
Variations in allocation strategy are claimed to play an important role in assessing yields and overall plant performance in many plant communities (Pronk et al., 2007; Rees and Bergelson, 1997; Rao et al., 1998) . The great difference between the two species that shows up as concerns their respective growth mechanisms might therefore be explained as if dill plants "invest" more than fennel plants in accumulation of dry matter in biomass and seeds, in a strategy for survival aiming to react to interspecific competition, stretching at the maximum level the yield potential of each individual plant.
Intercropping indices
Both fennel and dill are herbaceous crops selected for monoculture systems; since they belong to the same botanical family, and have a similar growth and yield pattern, it is to be expected that their biomass and seed yield are affected by intercropping with each other. Reasonably, the effect that one crop may exert on the other should vary with the intercropping ratio, i.e. as the effects of the intraspecific competition are substituted by those exerted by the interspecific competition. It is generally assumed that a crop is more competitive when it forms a larger proportion of the total population (Saka et al., 1993) , but the outcome of such competition may be different according to the physiological and morphological characteristics of the competitors (Pronk et al., 2007) .
The values calculated for both intercropping indices, based on biomass and grain yield, are shown in Table II . The values for total LER biomass , calculated based on the aerial biomass dry yield, increase from the 33:66 to the 66:33 cropping ratio, i.e., with an increasing proportion of fennel in the mixture, even though they do not diverge (at P ≤ 0.05) from 1 in all cases, showing that the efficiency of these intercropping ratios is practically equal to that of the pure stands. The total LER grain values, calculated on total grain yield, show a similar trend to the values recorded for LER biomass , reaching their maximum value in the 66:33 treatment, composed of 2/3 fennel and 1/3 dill. The values of LER obtained from this intercropping ratio might allow the quantification of its higher level of efficiency of about 20% in the case of biomass and 12% as concerns seed yield. The severity of the t−test, however, being affected by the variability between repetitions, in most cases does not confirm the statistical difference from unit, and the only allowed conclusion relies on terms of tendency. Both in the case of biomass and in seed yield, the intercropping ratio with a higher proportion of fennel was shown to be the most efficient among the tested cropping systems, and the partitioning of total LER values into their two partial values, respectively belonging to fennel and dill, shows that in the 66:33 ratio both species took advantage of intercropping. The value of total LER grain significantly decreases as the intercropping ratio varies, reaching the lowest value (0.80, different from 1 at P ≤ 0.05) in the treatment in which dill is represented at the highest level, i.e. 33:66. In this case, the partitioning in the two partial LER grain demonstrates that, at this ratio and at the chosen population density, fennel has a much lower competitive ability with respect to dill.
The Competitive Ratio, calculated both for biomass and for seed yield, showed values significantly diverse from unit in the 66:33 treatment, i.e., significantly lower than 1 for fennel and, conversely, significantly higher than 1 for dill. Under the given experimental conditions, in other words, dill was about two times more competitive than fennel, as concerned both biomass and seed yield. That is, when cultivated in a lower proportion, dill succeeds in optimizing the use of available resources, achieving the highest level of efficiency, both in seed Table III . Results of the pooled ANOVA performed on fennel seeds and biomass yields in 2000-01 and 2001-02 in Sparacia (Sicily). Data for the first year refer to an intercropping with dill, whereas in 2001-02 fennel was grown alone: the first value in the ratio refers to the frequency of fennel in the intercropping of 2000-01. Means sharing the same letter (including partials) are not significantly different at P ≤ 0.05. * = difference significant at P ≤ 0.05; ** = difference significant at P ≤ 0.01; n.s. = no significant difference. and in biomass yield, in the intercropping system and therefore behaving as a "dominant" species.
Seed yield (t/ha)
Biomass yield (t/ha)
Source of variation DF
Biomass and seed yield in the second trial year
As shown in Table III , the yield data collected on fennel in the second trial year was not significantly different from that obtained in 2000-01, and a pooled ANOVA performed on the two-year data produced both for seed and biomass yield a not significant F value, attesting to the lack of any statistical difference between the mean values, that in both years averaged about 280 kg/ha of seeds and 4 t/ha of biomass.
In order to evaluate the efficiency of the whole two-year cropping system for each intercropping ratio, it is possible to 
